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Abstract
Francisella tularensis, the intracellular pathogen that causes tularemia, was investigated 
to determine how it infects and replicates within mammalian hepatocytes. To date, it has been 
shown that hepatocytes can be infected by F. tularensis and that this causes considerable change 
in the protein phosphorylation state of several vital signaling molecules within the host cell. 
Protein kinase pathways can be mapped as signatures of infection. Hepatocytes tend to be 
susceptible to infection by F. tularensis, thus stimulating internal signaling. The Francisella 
strains used were selected with the goal of producing a model that can be used to elucidate the 
cell signaling pathways of cells infected by F. tularensis. Proteins from HepG2 human 
hepatocyte cells infected with F. novicida, F. Live Vaccine Strain (LVS) and F. philomiragia 
were separated by gel electrophoresis, and then examined through Western blotting to assay 
changes in protein kinase activation. Previous analysis has shown NF-kB and MAPK family 
member p38 are highly activated after infection. In this study, we examined activation of NF-kB 
and the protein kinases Src and Pyk2. Phospho-specific antibodies were also used as indicators 
of the presence of phosphorylated NF-kB, Src and Pyk2. Results from this study will be used to 
determine the pathways potentially activated during and after infection in the human liver in the 
event F. tularensis is used during a bioweapons attack.
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Introduction
Francisella tularensis is the causative agent of tularemia, a formidable biological agent 
that naturally occurs throughout North America. The gram-negative intracellular pathogen was 
first identified in 1912 following reports of a plaguelike outbreak among ground squirrels in 
Tulare County, California (8). Due to its various routes of infection, F. tularensis is currently 
characterized by the Centers for Disease Control and Prevention (CDC) as a category A 
bioterrorism agent, which it defines as “organisms that pose a risk to national security because 
they can be easily disseminated or transmitted from person to person; result in high mortality 
rates and have the potential for major public health impact; might cause public panic and social 
disruption; and require special action for public health preparedness” (4).
Francisella tularensis and F. novicida are the two species in the genus Francisella listed 
in the Bergey’s Manual of Systematic Bacteriology (2). Although only two subspecies of F. 
tularensis, as currently classified, are of significant clinical importance, type A and type B, there 
are three known subspecies of F. tularensis: mediasiatica, tularensis and holarctica (20). 
Subspecies novicida was first discovered in water in Utah in 1951 and manifested itself in a mild 
form, with most patients recovering fully (20). Recent DNA analysis has led scientists to dispute 
whether or not F. novicida should be considered a separate species (20). Although it has low 
virulence, F. novicida is capable of causing illness in immune-compromised humans, though to a 
far lesser degree than F. tularensis. Despite this fact, F. novicida is indistinguishable from the F. 
tularensis pathogen on the basis of DNA hybridization (10). Based on these findings, Hollis et 
al. (1989) proposed that F. novicida be considered a subspecies of F. tularensis (10). Subspecies 
mediasiatica exhibits moderate virulence, whereas subspecies tularensis (type A) is highly 
virulent and has been isolated to North America (7). Though less virulent than tularensis,
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subspecies holarctica (type B) is the second most common form responsible for tularemia 
infection in the United States (7). A partially attenuated live vaccine strain (F. LVS) was 
developed from type B and has been used as a vaccine with some success. The effects of F. LVS 
on children and immunosuppressed people, however, remain unknown. For this reason, the 
vaccine is not currently approved for human use in the United States (7). Francisella 
philomiragia, formerly Yersinia philomiragia, was placed in the genus Francisella after Hollis et 
al. (1989) demonstrated philmiragia’s DNA likeness to Francisella. Like F. tularensis, F. 
philomiragia has been isolated from water, muskrats, rabbits and humans (10). Francisella 
philomiragia appears to be a rarely occurring, but serious human pathogen (17). Though less 
virulent than F. tularensis, F. philomiragia is still capable of causing death in immunosuppressed 
patients (17).
There are several routes of transmission for Francisella strains, with the majority of 
infections being from arthropod bites, ingestion of contaminated food or water, handling infected 
animals or inhaling contaminated aerosols (4, 17). Despite the fact that the bacterium occur 
naturally in rabbits, ground squirrels, voles, muskrats, hares, water rats and other rodents (7), the 
potential for an outbreak in humans is a real threat. Tularemia is characterized by severe body 
pain, high fever, ulcers, swollen lymph nodes and chills (5). The disease can manifest itself in 
one of six forms in humans: pneumonic, typhoidal, oropharyngeal, ulceroglandular, 
oculoglandular or glandular, depending on the route of infection (3). Once inside the body, the 
organisms enter macrophages by phagocytosis and then disrupt the phagosomal membrane to 
gain direct access to the cytoplasm. Infection eventually leads to apoptosis, causing the bacteria 
to be released from the cell (5).
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Apoptosis, or programmed cell death, is a tightly regulated process in which cells that are 
no longer needed essentially commit suicide by activating intracellular death. Figure 1 shows 
several signaling possibilities of a cell undergoing apoptosis. During this process the cell shrinks 
and condenses, collapsing the cytoskeleton. This causes the nuclear envelope to disassemble, 
breaking the nuclear DNA into fragments (1). The subsequent alteration to the cell surface 
attracts macrophages that engulf the cell before it spills its contents (1).
A pathway consisting of highly specialized molecules exists for transducing a signal from 
the cell membrane to the nucleus in order to determine a cell’s fate (9). These signals typically 
originate at cell surface receptors, whose pathways are controlled by specific protein kinases. 
Protein kinases catalyze the phosphorylation of proteins on serine, threonine, and tyrosine 
residues. For a more detailed definition, refer to the glossary. Protein kinases are the largest 
enzyme superfamily in eukaryotes, with more than 8,000 unique protein kinase genes currently 
identified. In humans, protein kinases are directly or indirectly involved in a variety of disease 
processes including cancer, diabetes, and heart disease (19). A better understanding of the role 
of specific protein kinases in disease processes could lead to the development of drugs that target 
protein kinases and improve therapies for these diseases. The mitogen activated protein kinase 
(MAPK), pathway plays a pivotal role in the molecular-signaling network that directs the 
growth, production, differentiation and survival of many cell types (17).
The MAPK pathway utilizes one of the most basic signaling designs found in biological 
signal transduction, specifically that of the cycle formed by a kinase phosphorylating a target 
protein and an opposing phosphatase that dephosphorylates the target (17). Figure 2 shows the 
machinery that provides an essential mechanism by which the activities of numerous enzymes, 
receptors, transporters, docking and scaffolding proteins are tightly controlled. There are
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numerous manifestations of the MAPK pathway, which can be found in all eukaryotic cells 
examined thus far. MAPK pathways have been studied extensively in a multitude of organisms, 
ranging from yeast to humans.
MAPK transduces signals in response to a wide range of stimuli. Certain stimuli can 
initiate cell death as well as cell proliferation, differentiation, cell cycle arrest, motility or 
survival (14). Specifically, stress-inducing stimuli like inflammatory cytokines, ultraviolet 
irradiation, heat shock, hyperosmolarity and other insults are more likely to activate p38 MAPK 
pathways for apoptosis induction (14). The most prominent among the cytokines to induce 
hepatocellular apoptosis are members of the tumor necrosis factor (TNF) ligand superfamily 
(17). Tumor necrosis factor, as opposed to other apoptosis-inducing ligands, mediates 
pleiotropic effects on tissue homeostasis, apoptosis and proliferation. Schattenberg et al. (2006) 
have shown that the transcription factor NF-kB has been implicated in the control of apoptosis 
induced by TNF, and inhibition of NF-kB induces apoptosis in hepatocytes following TNF 
exposure (16). In its inactive form, NF-kB is sequestered in the cytoplasm (16), where it is 
bound by members of the IkB family of inhibitor proteins. A stimulus that activates NF-kB 
causes the phosphorylation of IkB which is then followed by its ubiquitination and subsequent 
degradation (16). The identification and analysis of MAPK and NF-kB regulation and activation 
could be vital to understanding apoptotic processes in hepatocytes.
The other kinases examined in this experiment are Proline-rich kinase (Pyk2), molecular 
weight 116 kDa, and Rous sarcoma virus protein (Src), molecular weight 60 kDa. Pyk2 is a 
relative of the focal adhesion kinase (FAK) non-receptor tyrosine kinase (19). As shown in 
Figure 3, Pyk2 has been identified as an effector of stress signals leading to the activation of the 
MAPK pathway. It is also believed that Pyk2 plays a role in cytoskeletal remodeling, cellular
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proliferation and migration (19). Src is a non-receptor tyrosine kinase that plays a significant 
role in multiple cell signaling pathways that regulate cell growth, differentiation, apoptosis, and 
other important cellular processes (19). Several Src mutations have been observed, particularly 
in cancerous cells. One mutant form of Src, the truncating mutation c-src 1-531, has been 
identified in cases of advanced colon cancer (19). The importance of the protein kinase family is 
highlighted by the numerous diseases that arise due to the improper regulation of kinase activity. 
With over 50 different protein kinases having been identified as contributing to the MAPK 
pathways in mammals (19), research is focused on understanding the molecular details of the 
roles kinases play in regulating critical cellular activities.
Francisella tularensis is also believed to interact with Toll-like receptors (TLRs) during 
infection (15). Toll-like receptors are expressed on a number of immune-effector cells and have 
also been implicated in coordinating both innate and adaptive immune responses to pathogens 
(13). The purpose of the innate immune system is believed to be recognizing invading 
pathogens, activating inflammation to control pathogen spread, and subsequently activating the 
adaptive immune response specifically directed to the elimination of the pathogen (15). Some 
organisms may exploit TLRs as a means of entry into a host cell, producing pro-inflammatory 
cytokines as microbes trigger a signaling cascade through the cell (11). These changes in the 
phosphorylation state of the pathway regulate a series of intracellular proteins, including kinases 
and adaptor signaling molecules (11). The specific downstream pathways in macrophages are 
well studied but those in hepatocytes are not. The experiments completed here focused on 
pathway activation beginning with the myeloid differentiation protein (MyD88). MyD88 
regulates signaling transduction through the use of TLRs (11). The possibility of uncovering 
novel and important findings could greatly advance the molecular pathogenesis of tularemia.
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The completed research could be of great use in the medical profession. The results will 
offer some insight as to the molecular changes that take place in a host’s hepatocyte cell after 
infection with non-pathogenic F. tularensis strains. The specific cells being used in these 
experiments, HepG2, are derived from a cell line that causes liver cancer in humans. This 
research could potentially lead to new drug targets and treatment approaches for members of the 
military, lab workers and other government officials who spend a lot of time traveling, as well as 
increase the preparedness in the event of a terrorist attack or tularemia outbreak.
Materials and Methods
Part 1: Preparation of SDS-PAGE Gels
Four glass plates were obtained and wiped clean with ethanol. Two plates were then 
placed one on top of the other with spacers on either side. The plates were then set into the 
holding apparatus and clamped in place. The same process was repeated for the other set of 
plates. The plates were filled with water and left for a few minutes to ensure they would not 
leak. The following solution was mixed in an Erlenmeyer flask: 27.8 mL dH20, 15 mL 1.5M 
Tris buffer (pH 8.8), 16 mL acrylamide, 0.6 mL 10% Sodium dodecyl sulphate (SDS) and 0.6 
mL 10% ammonium persulfate. The water from the plates was then emptied out and 20 pL 
tetramethylethylenediamine (TEMED) was carefully added to the solution in the flask and gently 
swirled to mix. Using a pipette, the glass plates were fdled and a small amount of water- 
saturated butanol was placed on top of the gel solution. While the gel polymerized, a second 
solution was mixed in another Erlenmeyer flask: 13.6 mL dH20, 2.5 mL 0.5M Tris buffer (pH 
6.8), 3.4 mL acrylamide, 0.2 mL 10% sodium dodecyl sulfate (SDS) and 0.2 mL 10% 
ammonium persulfate. After fully polymerized, the butanol and water was poured off the top of 
the gel, and the comb was fully inserted into the gel. Ten pL TEMED was added into the
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solution and carefully swirled to mix. The gel mixture was carefully pipetted in between the gel 
plates and around the comb. The gel polymerized for 20 minutes. The combs were removed and 
the wells were filled with lxrunning buffer made of Trizma base, glycine, SDS and dH2O and 
then covered with parafilm. The gels were stored at 4°C refrigerator.
Part 2: Loading Samples
The hepatocyte samples used came from the University of Virginia and were already 
infected with F. tularensis strains to be tested. The cells were marked based on their incubation 
time. The samples to be analyzed were thawed on ice after storage at -70°C. Sterilized 
microfuge tubes were marked according to the samples. Once thawed, 50 pL of sample and 10 
pL coomassie blue dye were pipetted into each microfuge tube and vortexed. The samples were 
then heated in a 92°C hot block for 5 minutes and then immediately placed on ice. Each sample 
was then loaded into its respective well using a micropipette set to 75 pL to ensure the entire 
sample was loaded. The protein molecular weight marker was thawed from the -20°C freezer 
and loaded afterwards. It was always loaded in lane 1 of the gels in 20 pL volume. The gels 
were then carefully locked into place in the buffer tank and both buffer reservoirs were filled 
with running buffer so the level of buffer covered the surface of the gel. The gels were 
monitored for a few minutes to ensure the buffer was not leaking into the bottom of the 
container. The gels were run overnight at 45V and removed from the apparatus the next 
morning.
Part 3: Gel Transfer
After the gels were successfully run overnight, they were ready for transfer. Only one gel 
was transferred at a time using the following procedure: transfer buffer was made in a clean
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container: 200 mL running buffer and 50 mL methanol. About 50 mL of methanol was added to 
a separate clean container to wet the membrane. Three pieces of pre-cut filter paper were soaked 
in the transfer buffer solution while the gels were measured and prepared for transfer. The first 
gel was unclamped and the plates were carefully separated using a wedge. The gel was then 
measured and a piece of nitrocellulose membrane was cut to size and soaked in methanol. The 
three pieces of soaked filter paper were carefully placed onto the cathode bottom of the transfer 
plate. They were smoothed over with a Pasteur pipette to ensure there were no bubbles. The gel 
was very carefully placed on top of the filter paper and gently smoothed by hand (it is imperative 
that all bubbles are pushed out as they can interfere with bands transferring). Three more pieces 
of pre-cut filter paper were soaked in transfer buffer. The methanol soaked membrane was 
placed on top of the gel and smoothed over with a pipette. Then, the final three pieces of soaked 
filter paper were layered on top and again smoothed over. The anode was wetted with running 
buffer and patted with a Kimwipe but not dried completely. The anode was then placed on top 
and the clamps were loosely tightened on top. The apparatus was hooked up to the power supply 
and set to run at 160 amps for two hours.
After two hours, the power was turned off and the top was removed. The membrane was 
carefully peeled away, and all the other pieces were discarded. The membrane was tightly 
wrapped in plastic wrap to ensure it did not dry out, and then placed in the 4°C until antibody 
incubation.
Part 4: Primary Antibody Incubation
The primary antibody recognizes and binds to the specific proteins of interest. Prior to 
antibody incubation, the following solutions were mixed in separate Erlenmeyer flasks:
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3% Bovine Serum Albumin (BSA) solution→3g BSA dissolved in 100 mL Tris-buffered saline 
with Tween-20 (TBST).
5% BSA solution→ 5g BSA dissolved in 100 mL TBST.
5% Non-fat milk solution→ 5g Non-fat dry milk dissolved in 100ml TBST.
Membranes were retrieved from the refrigerator and carefully unwrapped to ensure they did not 
tear. The two membranes were placed in 100 mL 5% milk blocking buffer on the rocker. The 
membrane was incubated at room temperature for approximately one hour. The milk solution 
was poured off and the membranes were washed two times for ten minutes each with about 30 
mL of Tris-buffered saline with Tween-20 (TBST). Depending on the required dilution, the 
specific antibody was added to 20 mL of either 3% or 5% BSA solution as according to 
manufacturer’s instructions (Cell Signaling Technology). The membranes were placed into 
separate labeled containers, and the specific antibody solution was poured on. Both containers 
were placed on the rocker in the 4°C refrigerator overnight.
Part 5: Secondary Antibody Incubation
The membranes were taken from the 4°C incubator and the primary antibody was poured 
off and stored in the 4°C incubator for future use. The membranes were washed three times for 
10 minutes each in TBST. The secondary antibody solutions were mixed in 3% or 5% BSA 
solution according to manufacturer’s dilution instructions (Cell Signaling Technology). The 
solution was then poured on the specific membrane. Both membranes were placed on the rocker 
and incubated at room temperature for one hour. The secondary antibodies bind to the primary 
antibodies and are fused with the enzyme horseradish peroxidase. After one hour, the secondary 
antibody solution was poured off and the membranes were washed three times for ten minutes 
each in TBST.
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Part 6: Chemiluminescence
Before preparing the membranes for chemiluminescence, the x-ray processor was turned 
on in the dark room. The machine must reach 95°F before being used.
After the TBST washes from the secondary antibody incubation were complete, all TBST 
was poured off the membranes. Five mL of Super Signal West Pico Chemiluminescence 
peroxidase solution was pipetted onto each membrane. Using a new pipette, 5 mL of Super 
Signal West Pico Chemiluminescence enhancer was pipetted onto each membrane. The 
membranes were rocked for about one minute and placed in page protectors. The page 
protectors were then taped into the developing cassettes and taken to the dark room for 
development.
Kodak™ X-ray film was placed on top of each membrane and allowed to be exposed for 
an initial time of one minute. The films were then developed and observed. Depending on the 
results, the next exposure time was either longer or shorter than the first. After all films were 
developed, they were labeled with the antibody and exposure time to be analyzed at a future date.
Part 7: Stripping Blots
Since time was limited, some membranes were saved and stripped and tagged with 
different antibodies. A stripping solution was made by adding the following components to 73 
mL of dH2O: 6.25 mL Tris buffer pH 7.0, 20 mL 10% SDS and 0.75 mL 2-mercaptoethanol, to 
yield a final volume of 100 mL. After swirling to mix, the solution was poured over top of the 
membrane in a Rubbermaid™ container. The top was placed on the container and it was placed 
in a 50°C water bath for 30 minutes. Every 5 minutes, the container was gently rocked to make 
sure the liquid was circulating. After 30 minutes elapsed, the stripping agent was poured off into
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a sealable jar and stored at room temperature for future use. The membrane was then washed 3 
times for 10 minutes each in TBST. When the washes were finished, the membranes were re­
blocked using the procedures listed above.
Results
Western blot analysis of NF-kB, phospho-NF-kB, Pyk2 phospho-Pyk2, Src and phospho- 
Src protein kinases revealed varying degrees of cell signaling. Figures 5-10 show developed 
experimental films from various blots. Viable signals were eventually seen for all of the samples 
taken. The films show that all pathogens are capable of inducing signaling in the studied 
pathways. The NF-kB, Src and Pyk2 antibodies assess the total amount of protein, and the 
phospho-specific antibodies bind only to the phosphorylated NF-kB, Src and Pyk2.
The data collected thus far reveals stronger cell signaling from all kinase pathways in F. 
LVS infected hepatocytes. In almost all cases, the 24 hour samples emit a stronger signal, 
producing a darker band on the films. This demonstrates that proteins are more abundant and 
highly activated during this incubation period.
Figure 5 shows the NF-kB exposure. The F. LVS 24 band is the densest band on the film. 
This demonstrates that the proteins are most activated at this incubation time. Francisella 
novicida failed to produce any viable cell signals at the 6 and 24 incubation periods. In general, 
the NF-kB is most active in F. LVS infected hepatocytes.
The phospho-NF-kB exposure in figure 6 shows activation at all incubation times. As 
with NF-kB, F. LVS 24 has the most protein signaling. At this incubation time, the 
phosphorylation is most prevalent. It appears that proteins in all three strains are more abundant 
after infection.
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The protein kinase Src proved to be the least active of all those tested. As shown in 
figure 7, there was no signal produced from F. novicida 0, F. LVS 0 or F. LVS 6. This protein 
kinase demonstrates that the proteins are most abundant post-infection. Little to no protein is 
present at time 0 for F. novicida or F. LVS. There is some protein present at time 0 in F. 
philomiragia, but it is clearly less abundant pre-infection.
Phospho-Src produced the most signal of all the phosphorylated kinases. Figure 8 shows 
the strong signaling produced from all three strains at all incubation times. At the incubation 
times of 18 and 24, the proteins are the most dense.
The pyk2 exposure in figure 9 indicated very strong signaling from all of the strains and 
incubation periods. Francisella LVS appears to have the most protein present at the 24 hour 
incubation time as indicated by the intense spot on the exposure. Francisella novicida appears to 
have a similar amount of signal produced from all incubation times.
Figure 10 shows that phospho-pyk2 failed to produce any viable signal with F. phi 6 and 
F. phi. 18. As with pyk2, F. novicida appears to have a consistent signal from all incubation 
periods. The phosphorylation appears to be most significant in F. philomiragia at times 0 and 
18. There was initial cell signal from Francisella LVS, but it did not produce any additional cell 
signal until 24 hours post-infection.
Discussion
This research focused on hepatocytes already infected with F. tularensis, as Conlan and 
North (1992) have already shown that the bacteria invade and multiply extensively in 
hepatocytes (6). The activity of kinases downstream of MyD88 and the activation of NF-kB in 
response to the infection by F. tularensis were also examined. The results were confirmed by the
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use of Western blotting. Western blot analysis allows for the detection of a protein in a mixture 
of any number of proteins, while also providing an indication of the protein size. It requires the 
use of high-quality antibodies directed towards the target protein (12). As long as the protein 
does not degrade rapidly, Western blot analysis will show how much protein has accumulated 
within the cells (Figure 4).
The proteins of interest, NF-kB and phospho-NF-kB, along with the kinases Src, 
phospho-Src, Pyk2 and phospho-Pyk2 were all visualized in HepG2 cells. From the gels 
represented by Figures 5-10, it can be concluded that NF-kB is highly activated in HepG2 cells 
infected with F. LVS after 24 hours. In contrast, it appears that NF-kB is not significantly 
activated in any F. novicida infected hepatocytes. Of all the kinases tested, phospho-NF-kB 
appears to be the most consistently activated protein. There is some visible difference in band 
density among the samples. Francisella LVS at time 0 has less phosphorylated protein at time 0 
than at 24 hours, but there is still protein present at all incubation periods. Similarly, there is less 
protein present at time 0 in F. philomiragia than after 24 hours. In general, all strains 
demonstrate rapid phosphorylation upon infection.
The Src kinase appears to be most strongly activated after 18 to 24 hours in all cases. 
Francisella philomiragia is the best example to demonstrate increased cell signaling over time, 
with more protein apparent over time as evidenced by the increasingly dark bands. Phospho- 
Pyk2 in general did not show strong activation in F. philomiragia infected hepatocytes. This 
could be due to previous stripping of the blots, or it could be due to the lack of pathway 
activation in this strain. The cell signaling was consistent in both F. LVS and F. novicida. Since 
the cell signaling does not appear to increase in cell cultures that were exposed to the antibodies
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longer, the phosphorylation of the pathway does not appear to be biased to bacterial exposure 
time.
Pathway activation is essential in sending cells through apoptosis. Pathways that are 
essentially hijacked by bacteria not only make the infection hard to treat, but it sends too many 
cells through apoptosis. This model presented using the non-pathogenic form of F. tularensis in 
HepG2 could be used as a guide for isolating targets for a vaccine. If successful inhibitors can 
be created to block availability to certain apoptotic pathways, F. tularensis could potentially be 
prohibited from functioning in the liver and immune system. If F. tularensis is unable to invade 
and replicate within the body’s cells, it could be less pathenogenic in humans. Further testing is 
needed to determine the virulence of the different strains and the long term effectiveness of the 
cell signaling inhibitors.
In the future, it would be best to not strip any blots, and start over with new ones for each 
sample. Stripping the blots can reduce the amount of protein and consequently reduce the cell 
signal seen on film. Running brand new gels for every protein of interest could have saved time 
in the long run, and not biased any of the results if blots had previously been stripped to analyze 
other kinases. Other problems encountered included difficulties with the mammalian cell 
cultures, as some of them were a few months old and perhaps did not react as well as newer cell 
samples would. A few difficulties were had in diluting the antibodies according to 
manufacturer’s instructions. Some of the dilutions were too dilute to produce a viable signal, so 
X-ray films did not show any data for certain samples. After a few iterations, a reliable sample 
was eventually collected.
To conclude, host cells are susceptible to infection by F. tularensis, inducing internal cell 
signaling. Results from this study can be used to determine the pathways potentially activated
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during and after infection in the human liver in the event F. tularensis is used during a 
bioweapons attack. Future testing should be done to analyze other signaling inhibitors of these 
pathways to see if it is possible to change the outcome of F. tularensis infection in hepatocytes.
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Glossary
Apoptosis- Normal benign sequence of cell death in which a cell shrinks the DNA fragments and 
changes in the cell surface activate its phagocytosis by macrophages
Cell signaling- The molecular mechanisms by which cells detect and respond to external stimuli 
and send messages to other cells.
Macrophage- Cell found in animal tissues that is specialized for the uptake of particulate material 
by phagocytosis; derived from a type of white blood cell.
MAP-kinase (MAPK)- Protein kinase that performs a crucial step in relaying signals from cell- 
surface receptors to the nucleus. It is the final kinase in a 3-kinase sequence called the MAP- 
kinase cascade.
Oropharyngeal- of, or pertaining to the oropharynx (connects the mouth to the top of the throat).
Phagocytosis- The process by which particulate material is engulfed (“eaten”) by a cell. 
Prominent in predatory cells, such as Amoeba proteus and in cells of the vertebrate immune 
system such as macrophages.
Pleiotropy- phenomenon in which a single gene determines a number of distinct and seemingly 
unrelated characteristics.
Protein kinase- One of a very large number of enzymes that transfers the terminal phosphate 
group of ATP to a specific amino acid of a target protein.
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Appendix A
Apoptosis
H ealthy
Genetic errors 
result from injury
Some errors 
remain
Cell unable to
repair errors
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attempts 
1© repair 
errors
:
Additional 
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All errors 
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apoptosis
U.S. National Library of Medicine
http://ghr.nlm.nih.gov/handbook/illustrations/apoptosisprocess.jpg
Figure 1. General apoptosis pathway. The diagram depicts the pathway a cell takes during 
injury-induced apoptosis.
http://www.biocarta.com/pathfiles/h_mapkPathway.asp
Figure 2. MAPK pathways. There are four major groupings and numerous related proteins 
which constitute interrelated signal transduction cascades activated by stimuli such as growth 
factors, stress, cytokines and inflammation.
http://www.biocarta.com/pathfiles/h_pyk2Pathway.asp
Figure 3. Pyk2 cascade. Pyk2 stimulation has been shown to activate MKK3 leading to 
activation of p38.
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2 Secondary Antibody 
Anti-mouse HRP
HRP + Luminal ECL
http://www.molecularstation.eom/protein/western-blot/#l
Figure 4. Western Blot. The proteins of interest were tagged with NFkB, phosho-NFkB, 
phospho-Pyk2 and Src antibodies and chemiluminescence enabled visualization of the pathways 
of interest.
F. novicida F. LVS F. philomirasia
← 75 kDa 
←50 kDa
Figure 5. NF-kB exposure. Samples were separated by electrophoresis, transferred to a 
nitrocellulose membrane and Western blotted. Specific kinase activation was detected using 
SuperSignal West Pico Chemiluminescence Substrate. Note the density of F. LVS at 24 hours. 
F. nov. 6 and 24 failed to produce any viable cell signal.
F. novicida F  philomirasia F. LVS
← 75 kDa 
← 50 kDa
Figure 6. phospho-NF-kB exposure. Protein density appears to be consistent across the gel.
F. novicida F. LVS F. philomirasia
21
← 75 kDa 
←50 kDa
Figure 7. Src exposure. This protein kinase demonstrates that the proteins are most abundant 
post-infection. Little to no protein is present at time 0 for F. novicida or F. LVS. There is some 
protein present at time 0 in F. philomiragia, but it is clearly less abundant pre-infection.
F. novicida F. philomiragia F. LVS
Uninfected 0 6 18 24 0 6 18 24 0 6 18 24
← 75 kDa 
← 50 kDa
Figure 8. phospho-Src exposure. The bands appear to show equivalent quantities of protein in 
each specific infection.
F. novicida F. philomiragia F. LVS
← 150 kDa 
← 100 kDa
Figure 9. Pyk2 exposure. There was very strong signaling from all of the strains and incubation 
periods.
Uninfected 0 6 18 24 0 6 18 24 0 6 18 24
F. novicida F. philomiragia F. LVS
0 6 18 24 0 6 18 24 0 6 18 24
← 150 kDa 
← 100 kDa
Figure 10. phospho-Pyk2 exposure. F. phi 6 and F. phi. 18 failed to produce any viable 
cell signal.
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